Background: Inhibition effect of 1-((4-chlorophenyl)(2-hydroxynaphtalen-1-yl)(phenyl)methyl)urea (CPHU) and 1-((2-hidroxynaphtalen-1-yl)(4-methoxyphenyl)methyl)urea (HNMU) in 1 M HCl solution on mild steel was investigated using weight loss and potentiostatic polarization techniques.
Background
Corrosion inhibitors are widely used in the industry to prevent/reduce the corrosion rates of metallic materials in reducing acid media [1, 2] . Hydrochloric acid solutions are widely used for acid clearing, industry cleaning, acid descaling, oil-well acidizing, etc. Therefore, corrosion inhibitors for metals in hydrochloric acid have attracted more attention because of its wide application [3] [4] [5] [6] [7] [8] .
Compounds with nitrogen and oxygen function group as well as multiple bonds or aromatic rings are considered to be one of the effective chemicals for inhibiting the corrosion of metals [9] [10] [11] .
Earlier reports [12] showed that inhibition efficiency of organic compounds containing heterocyclic nitrogen increases with the number of aromatic systems and the availability of electronegative atoms in the molecule. These compounds can absorb on the metal surface and block the active sites on the surface, thereby reducing the corrosion rate [13] . The adsorption of organic molecules at the metal/solution interface is of great interest in surface science and can markedly change the corrosion-resisting properties of metals.
In continuation of the work on acid corrosion inhibitors [14, 15] and since two organic compounds containing nitrogen, oxygen, and aromatic rings (Figure 1 ), namely 1-((4-chlorophenyl)(2-hydroxynaphtalen-1-yl)(phenyl)methyl) urea (CPHU) and 1-((2-hidroxynaphtalen-1-yl)(4-methoxyphenyl)methyl)urea (HNMU), which have been studied earlier [16] to prevent the corrosion of mild steel in sulfuric acid medium, revealed reasonable inhibiting effects, due to the wide applications of corrosion inhibitors in hydrochloric acid, the usage of these compounds as corrosion inhibitors in 1 M hydrochloric acid solution was undertaken.
Weight loss and polarization methods were employed to evaluate the corrosion rate of mild steel and the inhibition efficiency of the inhibitors. The mild steel surface was also examined by scanning electron microscopy (SEM), and films on the surface in the presence of CPHU inhibitor were analyzed by infrared spectroscopy. Fourier transform infrared spectroscopy (FTIR) was used to identify whether there was adsorption and also to provide new bonding information of the adsorption process.
Methods

Weight loss measurements
Mild steel sheets of 0.5 cm × 0.5 cm × 0.5 cm were used for the weight loss technique. Before each experiment, the samples were abraded using emery papers (grades 200 to 2,500), washed with distilled water and then acetone, and finally dried at room temperature. The initial weight of each specimen was noted before immersion using an analytical balance (precision: ±0.1 mg). Then, the specimens were immersed in 100 mL of 1 M hydrochloric acid solutions without and with different concentrations of the inhibitors. After 24 h of immersion, the specimens were washed and reweighed. The experiments were done in triplicate, and the average value of the weight loss was considered. The corrosion rates of the mild steel were determined using Equation 1.
where Δ m is the mass loss, s is the area of the specimen (versus cm 2 ), and t is the immersion time (versus s) [17] . The inhibition efficiencies were calculated using Equation 2 [18] .
where W corr and W inh are the corrosion rates of mild steel without and with inhibitors, respectively.
Potentiostatic polarization measurements
Potentiostatic polarization measurements were carried out in a three-electrode cell using BHP 2063 + electrochemical analysis system instrument (Behpajooh, Isfahan, Iran). A saturated calomel electrode was used as a reference electrode, and a Pt electrode was used as a counter electrode. The working electrode was prepared from a cylindrical mild steel such that the exposed area was 1 cm 2 . Before each polarization test, the open-circuit potential was stabled within 30 min. The cell was equipped so that the temperature during each experiment was kept constant and measurable. The polarization curves obtained in the potential range from −700 to −350 mV with a scan rate of 1 mV s −1
. The inhibition efficiency for each concentration of inhibitors was calculated using Equation 3 [19] .
where I corr and I inh are the corrosion current densities calculated from the extrapolation of Tafel slopes without and with inhibitors. Then, surface coverage was calculated by the equation below.
Fourier transform infrared spectroscopy and SEM FTIR spectra were recorded in a TENSOR 27 Bruker spectrophotometer (Bruker, Ettlingen, Germany), which extended from 700 to 4,000 cm −1 , using a KBr disk technique. The pure CPHU was mixed with the KBr and disk made; then, the mild steel specimen was prepared as described for the weight loss technique. immersion in 1 M hydrochloric acid in the presence of CPHU, the specimen was cleaned with distilled water and dried at room temperature. Then, the thin adsorbed film formed on the mild steel surface was rubbed with a small amount of KBr powder, and a KBr disk was prepared using this powder.
Scanning electron microscopy
The morphology of the mild steel surface after polarization test in acidic solutions containing optimum concentration (8 ppm) of inhibitors was examined by a Philips XL30 scanning electron microscope (Philips, Amsterdam, Netherlands).
Results and discussions
Weight loss measurements
The results of weight loss measurements are listed in Table 1 . As it is seen, the percentage of inhibition efficiency (IE%) increases with increasing inhibitor concentration. In most cases, the inhibition efficiencies obtained from weight loss measurements are lower than those from electrochemical experiments; this phenomenon is attributed to the fact that weight loss experiments give average corrosion rates, whereas the electrochemical experiments give instantaneous corrosion rates [20] . The highest inhibition efficiency is related to the CPHU inhibitor, which reaches a maximum value of 80% at 8 ppm concentration.
Potentiostatic polarization measurements
The effect of increasing the concentration of the inhibitors on the polarization curves are shown in Figure 2 .
The electrochemical parameters such as corrosion current density (I corr ), corrosion potential (E corr ), cathodic and anodic Tafel slopes (β c , β a ), and inhibition efficiency (IE%) are given in Table 1 . Increasing the concentration of the inhibitors decreases the corrosion current densities but does not affect the corrosion potentials noticeably. Both anodic and cathodic Tafel slopes increase slightly, and both the anodic and cathodic current densities decrease, indicating that the inhibitors suppressed both the anodic and cathodic reactions. The overall results suggest that both investigated inhibitors act as mixed-type inhibitors [21, 22] . It is observed that the inhibition efficiency increases with increasing concentration of the inhibitors. The highest inhibition efficiency reaches a maximum value of 82% at an optimum concentration (8 ppm) of the CPHU inhibitor.
Effect of temperature
The effect of temperature on the polarization curves and corrosion parameters (E corr , I corr , IE, and θ) in the presence of optimum concentration of the inhibitors was studied. The polarization curves are illustrated in Figure 3 , and the corrosion parameter values at different temperatures are listed in Table 2 . The results obtained from the polarization curves show increase in current density and decrease in IE% with increasing temperature. The corrosion potential almost remained unchanged with increasing temperature. The dependence of corrosion rate on temperature can be expressed by the Arrhenius equation [23] :
where I corr is the corrosion current density, A is the frequency factor, E a is the activation energy of the metal dissolution reaction, R is the gas constant, and T is the absolute temperature. The E a values can be determined from the slopes of Arrhenius plots (ln I corr versus 1/T (Figure 4) ). Calculated activation energies for the corrosion process in the absence and presence of inhibitors are given in Table 3 .
Adsorption isotherm
In general, inhibitors can function either by physical (electrostatic) or chemical adsorption on the metal surface [24] . Basic information on the interaction between the inhibitors and the mild steel surface can be provided by the adsorption isotherm [25, 26] . Totally, adsorption isotherms provide information about the interaction among the adsorbed molecules themselves and also their interactions with the electrode surface [27] . In order to obtain a suitable adsorption isotherm, Langmuir, Temkin, and Freundluich adsorption isotherms were tested. Langmuir adsorption isotherm, which is given by Equation 6 [28] , was found to be more suitable.
where C is the inhibitor concentration, K is the adsorption equilibrium constant, and θ is the surface coverage which is given by Equation 4. Straight lines were obtained when C inh /θ were plotted against C inh ( Figure 5 ). The linear relationships suggest that the adsorption of inhibitors obey the Langmuir adsorption isotherm [27] . The straight line has an intercept of 1/K.
Thermodynamic parameters
The relation of constant K with the standard free energy can be determined by Equation 7 . values of Δ G ads (Table 3) indicate that the adsorption of the inhibitors on the metal surface is spontaneous. Generally, values of Δ G ads around −20 kJ mol −1 or lower are consistent with the electrostatic interaction between charged molecules and the charged metal surface (physisorption); those around −40 kJ mol −1 or higher involve charge sharing or transfer from organic molecules to the metal surface to form a coordinate type of metal bond (chemisorption) [30] . The obtained values for Δ G ads are less than −40 kJ mol ; such values are commonly interpreted with the presence of physical adsorption [30, 31] , but some researchers have reported [16, 27] that for these values, the adsorption of inhibitor molecules is not merely physisorption or chemisorption but obeying a comprehensive adsorption (physical and chemical adsorption).
The Langmuir adsorption isotherm may be expressed by Equation 8:
where T is the temperature, A is the independent constant, C is the inhibitor concentration, R is the gas constant, ΔH ads is the heat of adsorption, and θ is the surface coverage by the inhibitor molecules. The plots of log (θ/(1-θ)) versus 1/T at the optimum concentration of inhibitors are shown in Figure 6 . The slope of the linear part of the curves is equal to ΔH ads /2.303R, from which the average ΔH ads was calculated, and their values are given in Table 3 . The negative values of ΔH ads reflect the exothermic behavior of the inhibitors on the mild steel surface. Adsorption entropy (ΔS ads ) can be calculated from the equation below [16] :
The negative values of the calculated adsorption entropy (Table 3) mean that the adsorption process is accompanied by a decrease in entropy.
Scanning electron microscopy
Representative SEM obtained from the mild steel surface after polarization test in hydrochloric acid in the absence Corrosion parameters calculated from polarization measurements for mild steel without an inhibitor and in presence of the optimum concentration (8 ppm) of inhibitors at different temperatures. and presence of 8 ppm of inhibitors are shown in Figure 7 . In the absence of inhibitors in hydrochloric acid, the mild steel surface was highly corroded with areas of pitting corrosion. In the presence of HNMU compound, it can be seen that the rate of corrosion is suppressed, and there is little acid corrosion product on the steel surface. Figure 7c clearly shows that the presence of the CPHU inhibitor leads to the formation of a stiffly stuck surface cover with irregular cracks (probably due to the drying up of the hydrated compound); such results have been reported previously [16, 32] . In order to evaluate this protective layer, FTIR study was done.
Fourier transform infrared spectroscopy
The FTIR spectrum of pure CPHU is shown in Figure 8a . The sharp peaks at 1,640 cm −1 is attributed to C=O stretching vibrations, and the peak at 3,000 cm −1 is related to C-H stretching vibrations in aromatic rings [33] . Double sharp peak at 3,300 to 3,500 cm −1 are assigned to N-H stretching vibrations. The broad peak under the other peaks at 2,900 to 3,500 cm −1 is related to O-H stretching vibrations. The FTIR spectrum of the adsorbed protective layer formed on the surface after immersion in 1.0 M hydrochloric acid containing 8 ppm CPHU is shown in Figure 8b . The band around 1,650 cm −1 is attributed to C=O stretching vibrations. Appearance of this peak in the adsorbed layer indicates that oxygen atom and carbonyl group did not contribute to the adsorption process. The weak peaks around 3,000 cm −1 are assigned to C-H stretching vibrations in aromatic rings. The broad band at 3,422 cm −1 is attributed to O-H stretching, which indicates that the protective film contains H 2 O [34] . N-H and O-H stretching vibrations disappeared in Figure 8b , revealing that nitrogen and oxygen atoms act as active centers in the adsorption. This means that these atoms contribute to the formation of complex with steel surface atoms [34] . An overall investigation of the results suggests that CPHU is adsorbed on the mild steel surface. 
Mechanism of corrosion inhibition
A clarification of the mechanism of inhibition requires full knowledge of the interaction between the protective compound and the metal surface. Corrosion inhibition of mild steel in hydrochloric acid solution by inhibitors can be explained on the basis of molecular adsorption. The adsorption process is influenced by the chemical structures of organic compounds, the distribution of charge in molecule, the nature and surface charge of metal, and the type of aggressive media [35] . If one considers the structures of the investigated compounds (Figure 1 ), many potential sources of inhibitormetal interaction can be identified. It is apparent from the molecular structure that the compounds are able to absorb on the metal surface through the lone pair of electrons of N and O and the π electrons of the benzene rings or as a protonated species. The cationic species may adsorb on the cathodic sites of the mild steel and reduce the evolution of hydrogen [36] . The FTIR results show that nitrogen atoms act as adsorption centers. Therefore, the lower inhibition efficiency of HNMU in comparison to CPHU can be related to the higher electronegativity of oxygen atom (methoxy group) than chlorine atom that attracts electrons from the vicinity of adsorption centers.
Experimental
Fresh solutions of 1 M hydrochloric acid were prepared for each experiment using analytical grade of hydrochloric acid (37%) and distilled water. The concentration range of the inhibitors was 2 to 8 ppm. The specimen was a rectangular coupon cut from a mild steel rod, with the composition (in wt.%) C 0. 
